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Abstract
MEN1611 is a novel orally bioavailable PI3K inhibitor currently in clinical devel-
opment for patients with HER2-positive (HER2+) PI3KCA mutated advanced/
metastatic breast cancer (BC) in combination with trastuzumab (TZB). In this 
work, a translational model-based approach to determine the minimum target 
exposure of MEN1611 in combination with TZB was applied. First, pharma-
cokinetic (PK) models for MEN1611 and TZB in mice were developed. Then, 
in vivo tumor growth inhibition (TGI) data from seven combination studies in 
mice xenograft models representative of the human HER2+ BC non-responsive 
to TZB (alterations of the PI3K/AkT/mTOR pathway) were analyzed using a PK-
pharmacodynamic (PD) TGI model for co-administration of MEN1611 and TZB. 
The established PK-PD relationship was used to quantify the minimum effective 
MEN1611 concentration, as a function of TZB concentration, needed for tumor 
eradication in xenograft mice. Finally, a range of minimum effective exposures for 
MEN1611 were extrapolated to patients with BC, considering the typical steady-
state TZB plasma levels in patients with BC following three alternative regimens 
(i.v. 4 mg/kg loading dose +2 mg/kg q1w, i.v. 8 mg/kg loading dose +6 mg/kg q3w 
or s.c. 600 mg q3w). A threshold of about 2000 ng·h/ml for MEN1611 exposure as-
sociated with a high likelihood of effective antitumor activity in a large majority 
of patients was identified for the 3-weekly and the weekly i.v. schedule for TZB. A 
slightly lower exposure (i.e., 25% lower) was found for the 3-weekly s.c. schedule. 
This important outcome confirmed the adequacy of the therapeutic dose admin-
istered in the ongoing phase 1b B-PRECISE-01 study in patients with HER2+ 
PI3KCA mutated advanced/metastatic BC.
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INTRODUCTION

Overexpression of human epidermal growth factor recep-
tor 2 (HER2) occurs in up to 30% of breast cancers (BCs)1 
and is a marker of aggressive disease.2 The development of 
HER2-targeted therapies significantly improved the sur-
vival outcome of patients with HER2-positive (HER2+) 
BC. Trastuzumab (TZB; Herceptin; Genentech) is the first 
HER2-targeted monoclonal antibody approved by the US 
Food and Drug Administration (FDA) for the treatment 
of metastatic HER2+ BC.3 Despite the undeniable benefits 
of TZB for HER2+ BC treatment, the majority of patients 
exhibit primary or acquired resistance.4–6 Aberrant acti-
vation of the phosphoinositide 3-kinase/protein kinase 
B/mammalian target of rapamycin (PI3K/Akt/mTOR) 
pathway has been recognized as one of the main drivers 
of TZB resistance. In particular, activating mutations in 
the gene encoding PI3K alpha catalytic subunit (PIK3CA) 
are found in ~40% of HER2+ BC and resulted associated 
with TZB insensitivity. Based on these findings, PI3K/
Akt/mTOR pathway has become an attractive therapeu-
tic target to overcome or prevent resistance to anti-HER2 
treatment with TZB and several inhibitors of this pathway 
are under investigation in this disease setting.4,7,8

MEN1611 (CH5132799) is a potent, orally bioavailable, 
selective class I PI3K inhibitor9 active on the p110α (mutant 

and wild type), β and γ isoforms, while sparing the δ isoform. 
MEN1611 resulted effective in a broad range of tumor types 
with demonstrated efficacy in HER2+ BC xenograft mod-
els, harboring PIK3CA mutations.10 It was administered 
as single agent in a first-in-human (FIH) study at different 
doses and the maximum tolerated dose (MTD) of MEN1611 
was determined to be 48 mg twice daily (b.i.d.).11 Preclinical 
and clinical evidences, as well as literature data from other 
PI3K inhibitors, suggested that combining MEN1611 with 
TZB-based therapy could provide clinical benefits for TZB-
insensitive patients and supported the rational to develop 
MEN1611 in combination with TZB for the treatment of 
HER2+ advanced/metastatic BC.12 MEN1611 has been 
evaluated for this indication in an open-label, multicenter, 
phase Ib trial, namely B-PRECISE-01 study enrolling pa-
tients with PIK3CA mutated HER2+ advanced/metastatic 
BC which progressed after at least two lines of anti-HER2-
based therapy, including TZB.13

The possibility to anticipate the pharmacologically ac-
tive exposures for an anticancer drug combination during 
or before its clinical evaluation would allow to assess the 
potential therapeutic advantage and the adequacy of the 
clinical combination protocols, maximizing the probabil-
ity of success of combination trials, and, more importantly, 
minimizing the number of patients receiving suboptimal 
combination treatments.

Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?
MEN1611 is a novel orally bioavailable PI3K inhibitor currently in clinical de-
velopment for patients with HER2-positive advanced or metastatic breast cancer 
(BC) in combination with trastuzumab (TZB).
WHAT QUESTION DID THIS STUDY ADDRESS?
We aimed to develop a translational approach based on the pharmacokinetic-
pharmacodynamic (PK-PD) modeling of preclinical data to determine the mini-
mum target exposure of MEN1611 when co-administered with three alternative 
regimens of TZB (i.v. 4 mg/kg loading dose +2 mg/kg q1w, i.v. 8 mg/kg loading 
dose +6 mg/kg q3w or s.c. 600 mg q3w) in patients with BC.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?
For each of the TZB regimen, a range for the effective MEN1611 exposure was 
identified. When TZB was administered i.v., MEN1611 exposure above 2000 ng·h/
ml is expected to be associated with a high likelihood of effective antitumor activ-
ity in a large majority of patients. A slightly lower threshold (i.e., 25% lower) is 
found for the 3-weekly s.c. schedule.
HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, 
AND/OR THERAPEUTICS?
This study confirms the adequacy of the therapeutic dose administered in the 
ongoing phase 1b B-PRECISE-01 study in patients with HER2-positive advanced 
or metastatic BC.
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Several approaches to model preclinical data of on-
cology drugs are already available and successfully ap-
plied during the drug development process.14–17 These 
approaches are generally based on pharmacokinetic-
pharmacodynamic (PK-PD) modeling of tumor growth 
inhibition (TGI) observed in xenograft experiments after 
the administration of tested compounds in monother-
apy18–23 or combination regimens.24–27 Their growing 
success is due to their ability to extract, summarize, and 
integrate results from in vivo experiments, in order to 
quantify drug activity, compare drug candidates, identify 
drug–drug interaction, and, most importantly, translate 
preclinical results into the clinical setting. Indeed, in some 
cases, high correlations between model-derived metrics of 
systemic exposure leading to TGI in xenograft models and 
clinically active exposures or doses in patients with cancer 
have been demonstrated.28,29

The present pharmacometric analysis aimed at de-
veloping a translational PK-PD model to predict from 
preclinical data a set of minimal effective MEN1611 expo-
sures, when administered in combination with TZB in the 
B-PRECISE-01 patient population.

METHODS

A stepwise PK-PD modeling approach was used.30 First 
PK models for MEN1611 and TZB were developed; then, 
in vivo TGI data from multiple combination studies in 
xenograft mice models representing human HER2+ BC 
nonresponsive to TZB were analyzed using a PK-PD TGI 
model for co-administration of MEN1611 and TZB. The 
established PK-PD relationship was used to quantify the 
minimum effective MEN1611 concentration, as a func-
tion of TZB concentration, needed for tumor eradication in 
xenograft mice models. Finally, the predicted range of mini-
mum effective MEN1611 concentrations were extrapolated 
to B-PRECISE-01 patients, using the typical plasma levels of 
TZB in human for three alternative dosing regimens.

Experimental methods

Pharmacokinetic assessment

Data from two studies on tumor-bearing mice treated with 
different doses of TZB labeled with different radioisotopes 
were collected from literature.31,32

TZB-PK study 131: severe combined immunodeficiency 
mice bearing KPL-4 tumor received a single intravenous 
(i.v.) administration of 111In-TZB (10  μCi) and 125I-TZB 
(5  μCi), along with 0.1, 1.4, and 17 mg/kg of unlabeled 
TZB (i.e., about 3.43, 32.68, and 383.68 μg of TZB for a 

typical mouse weighting 22.5 g). Blood was collected over 
168 h postdose and percent of administered dose per gram 
of tissue (%ID/g) were provided for each sample.

TZB-PK study 232: (nude) mice bearing SKOV3 tumor 
received 15 MBq (≈405 μCi) 86Y-TZB (i.e., about 17.65 μg of 
TZB) intraperitoneally (i.p.). Relative activity concentra-
tion (%IA/g) were measured over 3 days postdose.

Data in %ID/g and %IA/g from TZB-PK Study 1 and 2 
were converted into plasma mass concentration following 
the methodology reported in Material S1.

PK of MEN1611 after i.v. and oral (p.o.) administra-
tions was characterized in two mice studies.

MEN1611-PK study 1: MEN1611 (solution – vehicle 
DMSO) was administered i.v. at 2 mg/kg and p.o. at 0.5, 1, 
2, or 5 mg/kg to BALB-nu/nu mice (2 animals for i.v., and 
4 animals/group for p.o.). For i.v. administration, the drug 
solution was injected into the tail vein whereas, for p.o. 
administration, the drug solution was administered into 
the stomach using a flexible feeding needle. Blood sam-
ples were collected over 24 h postdose.

MEN1611-PK study 2: MEN1611 (suspension – vehi-
cle MCT) was given p.o. by gavage for 5 days at 1.25, 6.25, 
and 12.5 mg/kg to CD-1 mice (12 animals/group). Blood 
samples were collected over 24 h postdose on days 1 and 5. 
Average plasma concentration-time profiles were consid-
ered stratified by study, dose level, and administration day.

In vivo efficacy assessment of MEN1611 in 
combination with TZB

Seven in vivo combination TGI studies involving three cell-
derived xenograft models and four patient-derived xeno-
graft (PDX) models representative of human HER2+ BC 
(overexpression of HER2), TZB resistant and harboring 
PI3K pathway alterations were considered. The PIK3CA 
gene was mutated in six of the considered BC cell lines, 
whereas the PDX-173-JAL cell line harbored mutation of 
the PIK3CG gene (Table 1). All experiments were carried 
out in accordance with the Guideline for Accommodation 
and Care of Laboratory Animals and were approved by local 
ethical committee. Mice body weight (BW) and tumor sizes 
were measured and recorded every 3–4 days. Mice were eu-
thanized when tumors reached a volume ~10% of total BW 
or when mice BW decreased by more than 20%, compared 
to the BW of mouse at the first day of treatment. Tumor 
sizes (i.e., the greatest longitudinal [length] and transverse 
[width] diameters), were measured by Vernier caliper. 
Tumor weight (TW) was calculated under the hypothesis of 
an oblate ellipsoidal shape through the formula33,34:

(1)TW(g)=�
length (cm) ⋅width2

(

cm2
)

2
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assuming unit density (� = 1 g∕cm3) for tumor tissue. 
Where the average tumor volume reached 200–300 mm3, 
animals were randomly assigned into four groups (1 control 
and 3 treatment arms; Table 1) to evaluate the anticancer 
effect of MEN1611 in combination with TZB. MEN1611 and 
TZB doses were selected based on translation of the expected 
human exposures at clinical doses into mice model. Control 
mice were administered with vehicle (DMSO/Cremophor 
EL, 50%/50% volumes, mixed solution) alone. Average TW 

time profiles stratified by studies and arms are reported in 
Figure 1, whereas individual data in Figures S1–S7 in the 
Material S2.

Pharmacokinetic modeling

Two-compartment disposition models with first-order ab-
sorption were used to describe the PK of TZB (i.v. and i.p.) 

T A B L E  1   Analyzed xenograft experiments evaluating combination of MEN1611 and TZB

TGI study
Tumor 
cell line

Cell line 
characteristics Animals Arm

No. of 
animals Compound

Dose level 
(mg/kg) Route Regimen

A KPL4 HER2 amp BALB Arm a1 5 Vehicle – – –

PI3KCA mut nu/nu mice Arm a2 5 MEN1611 12.5 mg/kg p.o. qdx12

(H1047R) Arm a3 5 TZB 30 mg/kg i.v. q1w for 12 days

TZB R Arm a4 5 MEN1611
+ TZB

12.5 mg/kg
+ 30 mg/kg

p.o.
i.v.

qdx12
+ q1w for 12 days

B JIMT-1 HER2 amp CD-1 mice Arm b1 4 Vehicle – – –

PI3KCA mut Arm b2 5 MEN1611 6.5 mg/kg p.o. qdx12

(C420R) Arm b3 6 TZB 30 mg/kg i.p. q1w for 2 weeks

TZB R Arm b4 6 MEN1611
+ TZB

6.5 mg/kg
+ 30 mg/kg

p.o.
i.p.

qdx12
+ q1w for 2 weeks

C HCC1954 HER2 amp CD-1 mice Arm c1 5 Vehicle – – –

PI3KCA mut Arm c2 5 MEN1611 6.5 mg/kg p.o. qdx12

(H1047R) Arm c3 5 TZB 30 mg/kg i.p. q1w for 2 weeks

TZB R Arm c4 6 MEN1611
+ TZB

6.5 mg/kg
+ 30 mg/kg

p.o.
i.p.

qdx12
+ q1w for 2 weeks

D CTG-0033 
PDX

HER2 amp Athymic Arm d1 7 Vehicle – – –

PI3KCA mut nu/nu mice Arm d2 8 MEN1611 6.5 mg/kg p.o. qdx12

(E545A) Arm d3 8 TZB 30 mg/kg i.p. q1w for 2 weeks

TZB R Arm d4 8 MEN1611
+ TZB

6.5 mg/kg
+ 30 mg/kg

p.o.
i.p.

qdx12
+ q1w for 2 weeks

E BC-PDX-67 HER2 amp NOD/SCID 
mice

Arm e1 10 Vehicle – – –

PI3KCA mut Arm e2 10 MEN1611 6.5 mg/kg p.o. qdx12

(K111E) Arm e3 9 TZB 10 mg/kg i.p. q2w for 2 weeks

TZB R Arm e4 10 MEN1611
+ TZB

6.5 mg/kg
+ 10 mg/kg

p.o.
i.p.

qdx12
+ q2w for 2 weeks

F PDX-153 HER2 amp Athymic Arm f1 7 Vehicle – – –

PI3KCA mut nu/nu mice Arm f2 8 MEN1611 6.5 mg/kg p.o. qdx12

(K111E) Arm f3 9 TZB 10 mg/kg i.p. q2w for 3 weeks

TZB R Arm f4 9 MEN1611
+ TZB

6.5 mg/kg
+ 10 mg/kg

p.o.
i.p.

qdx12
+ q2w for 3 weeks

G PDX-173-
JAL

HER2 amp Athymic Arm g1 4 Vehicle – – –

ER amp nu/nu mice Arm g2 9 MEN1611 6.5 mg/kg p.o. qd for 6 weeks

PI3KCG mut arm g3 4 TZB 10 mg/kg i.p. q2w for 3 weeks

TZB R Arm g4 6 MEN1611
+ TZB

6.5 mg/kg
+ 10 mg/kg

p.o.,
i.p.

qd for 6 weeks +q2w 
for 3 weeks

Abbreviations: mut, mutated; TZB R, Trastuzumab resistant.
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and MEN1611 (i.v. and p.o.). The PK models were param-
eterized in terms of F, kabs, CL, V1, Q, and V2.

For MEN1611, because bioavailability of solution 
(MEN1611-PK study 1) and suspension (MEN1611-PK 
study 2) were expected to be different (closed to 100% 
for solution and <100% for suspension), two different F, 
Fsolution, and Fsuspension, were estimated.

Pharmacodynamic modeling

TGI model for control and single-agents 
(TZB and MEN1611) groups

The Simeoni TGI model18 was used to describe the unper-
turbed tumor growth in control animals and its inhibition 
after administration of TZB and MEN1611 in monotherapy. 
The model assumes that, in absence of treatment, tumor 
follows an exponential + linear growth characterized by 
rates λ0 (1/day) and λ1 (cm3/day), respectively. In studies 
where tumor mass did not reach a high volume and the 
linear phase was not observable, an exponential growth 
model (reduced Simeoni growth model) was used. Under 
treatment, the model assumes that a fraction of tumor 
cells, hit by the drug, becomes non-proliferating and en-
ters a mortality chain leading to cell death. Drug-related 
parameters are the drug potency, k2,TZB and k2,MEN1611  

(L/μg·day), and the first-order constant describing the kinet-
ics of cell damage and death, k1,TZB and k1,MEN1611 (1/day).

Additive 2D-TGI model for co-administration of 
MEN1611 and TZB (no-interaction hypothesis)

As recommended in refs. 35 and 36, an additive combina-
tion model under the hypothesis of no-interaction between 
TZB and MEN1611 was used to assess the synergism of the 
combination. This additive 2D-TGI model assumes that 
TZB and MEN1611 act on tumor cells independently from 
each other as in monotherapy. Consequently, (i) a cell 
hit by a drug can be further hit by the other drug, (ii) the 
whole mortality process is represented by a grid of four by 
four transit compartments corresponding to all possible 
damage stages,24 and (iii) drug-related parameters are the 
same for the single-agent TGI models.

Synergistic 2D-TGI model for  
co-administration of MEN1611 and TZB  
in TZB insensitive PI3K-mutated BC xenograft  
models

PI3K alterations were reportedly to confer TZB insensitivity 
to HER2+ BC through a HER2-independent activation of 

F I G U R E  1   Observed mean (±SE) tumor weight profiles stratified by treatment arms and studies. Down-pointing triangles mark dosing 
events for MEN1611 (red) and TZB (black). TGI, tumor growth inhibition; TZB, trastuzumab.
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the PI3K/AkT/mTOR pathway. Therefore, TZB alone was 
expected to exert no or little anticancer effect (little k2,TZB)
in PI3K-mutated BC mice models. It was demonstrated that 
the co-administration of a PI3K inhibitor, such as MEN1611, 
allows to overcome the TZB insensitivity through the down-
regulation of the PI3K/AkT/mTOR pathway.37

To model the MEN1611 ability of overcoming TZB 
insensitivity, it was hypothesized that the PI3K blockage 
induced by MEN1611 co-administration enhanced the ne-
glectable anticancer activity of TZB on PI3K-mutated BC 
tumors. In absence of biomarker data quantifying the in-
hibition of the PI3K/AkT/mTOR pathway, the MEN1611 
concentration was used to drive the increase of the TZB 
activity. The structure of the synergistic 2D-TGI model is 
like to the additive one except that the TZB-related param-
eter governing its anticancer effect is increased by a syner-
gistic term proportional to MEN1611 concentration:

where W (t) is the tumor weight, X11(t) the proliferating 
tumor cell compartment and

with k2,TZB the anticancer potency of TZB in monotherapy 
and � the synergistic factor.

Mathematical formulation of the Simeoni TGI and the 
2D TGI models is reported in Material S3.

Identification of the effective 
concentration threshold for MEN1611 in 
combination with TZB in TZB insensitive 
PI3K-mutated BC xenograft models

A stability analysis of the additive and synergistic 2D-TGI 
models was performed, under the hypothesis of constant 
MEN1611 and TZB concentrations (CMEN1611(t) = CMEN1611 
and CTZB(t) = CTZB), in order to identify the minimal effec-
tive MEN1611 concentration, CMEN1611,eff , able to guarantee 
tumor eradication when co-administered with TZB in TZB 
insensitive PI3K-mutated BC xenograft models.26,38

From this analysis, it was obtained:

for the additive model, and

(2)

dX11(t)

dt
=

�0 ⋅X11(t)
[

1+
(

�0

�1
⋅W (t)

)�]1∕�

−
(

k2,MEN1611CMEN1611(t)+k2,TZB,comboCTZB(t)
)

⋅X11(t)

(3)k2,TZB,combo=k2,TZB+k2,TZB ⋅γ ⋅CMEN1611(t)

(4)CMEN1611,eff =
�0 − k2,TZBCTZB

k2,MEN1611

for the synergistic model.
Equations 4 and 5 express the threshold concentration 

of MEN1611 in combination regimen as a function of TZB 
concentration level. Let CTZB be a concentration level of 
TZB expected to be effective on BC models in absence of 
resistance. Thus, from Equations 4 and 5 it is possible to 
derive the corresponding MEN1611 threshold concentra-
tion, CMEN1611,eff

(

CTZB
)

 that restores the sensitivity to TZB 
allowing tumor eradication. Consequently, the effective-
ness of a given TZB concentration, CTZB, on a TZB insen-
sitive PI3K-mutated xenograft model can be represented 
as a function of the co-administered MEN1611 concentra-
tion: for CMEN1611 ≥ CMEN1611,eff

(

CTZB
)

 tumor will be erad-
icated, otherwise tumor will continue to grow (Figure 2).

Extrapolation of effective threshold 
concentration of MEN1611 in combination 
with TZB to B-PRECISE-01 patients

To predict a range of MEN1611 concentrations expected to 
be effective in B-PRECISE-01 patients when combined with 
TZB, the estimates obtained from preclinical experiments 
were supposed to be informative for the clinical setting. 
Because the unbound fraction in plasma of MEN1611 is sim-
ilar between mouse and human (12.7% and 11.5%, respec-
tively), any correction with protein biding was not needed. 
Under these assumptions, the minimal effective MEN1611 
concentration, CMEN1611,eff, was derived from Equations  4 
and 5. For this purpose, TZB concentration was supposed 
constant and fixed to a suitable concentration level, CTZB.

(5)CMEN1611,eff =
�0 − k2,TZBCTZB

k2,MEN1611 + �k2,TZBCTZB

F I G U R E  2   Effectiveness of TZB concentration, CTZB, on 
growth of TZB insensitive PI3K-mutated BC tumors as a function 
of MEN1611 concentration. For CMEN1611 ≥ CMEN1611,eff

(

CTZB
)

 tumor 
will be eradicated (pink area), otherwise tumor will continue to 
grow (light-blue area). TZB, trastuzumab.

Tumor
eradica�on

Tumor
growth

Effec�veness of on tumor growth

MEN1611 Concentra�on

, ( )
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Because information about TZB PK was not avail-
able for B-PRECISE-01 patients, TZB concentration 
levels were derived from steady-state PK parameters 
reported by the European Medicines Agency (EMA)39 
for three alternative recommended TZB regimens (i.e., 
i.v. 4 mg/kg loading dose +2 mg/kg q1w [regimen 1], 
i.v. 8 mg/kg loading dose +6 mg/kg q3w [regimen 2], or 
s.c. 600 mg q3w [regimen 3]; Table S1 in Material S4). 
In particular, three different scenarios were considered 
(Figure 3).

Scenario 1: TZB was supposed equal to the average 
steady-state concentration, CTZB = CTZB,ss,avg, obtained 
from the median of the exposure during the 21-day treat-
ment period, that is, the area under the curve 
(

AUC[0,21day],TZB

)

: CTZB,ss,avg = AUC[0,21day],TZB∕21.

Scenario 2: The fluctuations of CTZB within the treat-
ment period was accounted for by assuming CTZB equal 
to the minimum, CTZB,ss,min, or maximum, CTZB,ss,max, ob-
served concentration in this period. In this way, the worst 
and best cases were considered.

Scenario 3: The 90% confidence interval (CI) of 
AUC[0,21day],TZB was considered to account for the inter-
patient variability of CTZB,ss,avg. The corresponding 90% CI 
of CTZB,ss,avg was derived and CTZB was supposed to be 
equal to the 5 degrees or 95 degrees percentile of CTZB,ss,avg.
Values of CTZB for the scenarios 1–3 are summarized in 
Table S2 Material S4.

For each TZB administration regimen and each sce-
nario, the full panel of preclinical models was used to de-
rive CMEN1611,eff . From these values, the corresponding 
efficacious MEN1611 exposure between 0–12 h was 
computed:

(6)Effective AUC[0,12h],MEN1611=12h ⋅CMEN1611,eff.

Data analysis and software

TZB and MEN1611 PK models were developed on average 
plasma concentration-time profiles from TZB-PK study 
1-2 and MEN1611-PK study 1-2, respectively, using a naïve 
pooled approach. Proportional and combined residual 
error models (y = f + (a + b ⋅ f ) ⋅ � and y = f + (b ⋅ f ) ⋅ � , 
where y is the measurement, a and b coefficients, f the 
model prediction, and ε a standardized random vari-
able normally distributed) were selected for TZB and 
MEN1611, respectively. The seven in vivo TGI studies 
were separately analyzed with the following strategy.

TZB and MEN1611 PK models were used to simulate 
typical plasma concentration-time profiles in input to 
the PK-PD TGI models for the single-agent and combi-
nation groups (no PK interactions were expected during 
MEN1611 and TZB co-administration).

Tumor-related (�0, �1, W0), MEN1611-related (k1,MEN1611 , 
k2,MEN1611) and TZB-related (k1,TZB, k2,TZB ) parameters were 
estimated on data of the control and single-agent arms. In 
particular, the standard Simeoni tumor growth function 
was used for TGI studies 1 and 6–7, whereas the reduced 
tumor growth model (i.e., only exponential tumor growth) 
was adopted in the remaining studies. For TGI studies 1–5, 
control and treated arms were simultaneously analyzed. 
For TGI studies 6–7, first the tumor-related parameters 
were estimated on control groups, then the TZB-related and 
MEN1611-related parameters were estimated on the cor-
responding treated arms keeping fixed �0, �1to values esti-
mated on control animals. In these cases, a different value 
of W0 was estimated for each experimental arm.

For each combination study, the additive 2D-TGI model 
was used, together with the parameter estimates from 
control and single-agent arms, to simulate the expected 
tumor response to the combination regimen under the 
no-interaction hypothesis. The predicted tumor growth 

F I G U R E  3   Graphical representation of the strategy adopted to extrapolate efficacious CMEN1611. p0.05CTZB,avg,ss and p0.95CTZB,avg,ss note the 5 
degrees or 95 degrees percentile of CTZB,ss,avg, respectively, accounting for interindividual variability. TZB, trastuzumab
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curves (PTGCs) were superimposed to TW observed in the 
combination arms for a visual assessment of drug inter-
actions: experimental TW lying below, above or close to 
the PTGC indicate a synergistic, antagonistic or no inter-
action, respectively.35

For studies highlighting a synergistic interaction, the 
synergistic 2D-TGI model was fitted on data from the com-
bination arm to identify the value of the synergistic term �.  
In this step, all the other model parameters were fixed to the 
previous estimates. The root mean squared error on the com-
bination arm was used to quantify the improvement in the 
goodness-of-fit compared to the additive 2D-TGI model.

A constant residual error model was adopted (i.e., 
y = f + a ⋅ �).

PK and PK-PD models were implemented and identified 
in Monolix (version 2016R1; Lixoft, France). Graphical post-
processing of data exported from Monolix, model simula-
tions (function “Simulx” of R-package “mlxR”), CMEN1611,eff  
computations were performed in R (version 3.6.1).

RESULTS

Pharmacokinetic modeling

A two-compartment model with first order absorption 
and elimination adequately described TZB plasma con-
centration time courses at the different dose levels after 
both i.v. and i.p. administrations in tumor-bearing mice of 
TZB-PK study 1–2.

Similarly, the PK model for MEN1611 was successfully 
identified using concentration-time profiles from MEN1611-PK 
study 1–2. The bioavailability of the solution, FSolution, was 
fixed to 1, whereas the relative bioavailability of suspension, 
Fsuspension, (MEN1611-PK study 2) was estimated on experi-
mental data. The PK model adequately described MEN1611 
kinetics after both i.v. and p.o. administrations, following sin-
gle or multiple dose regimens. The assumption of different bio-
availabilities for solution and suspension allowed to describe 
MEN1611 plasma concentration time courses observed in 
MEN1611-PK study 1–2 with the same set of parameters.

For TZB and MEN1611, model parameters were es-
timated with good precision (relative standard error 
% < 15%) and goodness-of-fit plots showed that the PK 
model was unbiased (Figures S8–S13 and Tables S3–S4 in 
Material S5).

PK/PD modeling of control and single 
agent arms

For each TGI study, the Simeoni TGI model was suc-
cessfully identified against average TW of control and 

single-agent treated arms. Fit plots are displayed in 
Figure 4a for the TGI study A and in Material S6 for the 
other TGI studies (Figures S14–S17). Parameter estimates 
are reported in Table 2. Due to data sparseness, some pa-
rameter estimates are associated with high uncertainty. 
Nevertheless, the most impacting parameters (i.e., expo-
nential tumor growth rate �0 and drug potencies, k2,TZB 
and k2,MEN1611), were estimated with good precision.

The Simeoni tumor growth model or its reduced 
version were always able to well describe the un-
perturbed growth in control animals accounting for 
different growth dynamics characterizing the seven 
tumor cell lines. In addition, tumor responses to 
MEN1611 or TZB treatment were well-described by 
the model that captured the different tumor cell sen-
sitivities to drug treatment. As expected, the Simeoni 
TGI model identified a neglectable anticancer po-
tency of  TZB in monotherapy with values of  k2,TZB 
(range  =  [1.2 E-8, 7.08 E-7] ml·day/ng) significantly 
lower than estimates obtained on TZB sensitive 
HER2+ BC xenograft models (see additional data in 
Material S7).

Assessment of interactions between 
MEN1611 and TZB

The additive 2D-TGI model together with parameter 
estimates of Table 2 was used to simulate the expected 
tumor response to co-administration of MEN1611 
and TZB under no-interaction hypothesis. For each 
study, the obtained PTGC was superimposed on the 
observed TWs of the combination arm (Figure 4b, and 
Figure S18 Material S6). Experimental data from TGI 
studies 1–5 lied below the PTGC highlighting that 
MEN1611 with TZB co-administration resulted in a 
greater effect than that predicted by the additive 2D-
TGI model (“synergistic” effect). In contrast, there 
were not significant differences between observed 
and predicted TW in TGI studies 6–7. Therefore, for 
PDX-153 and PDX-173-JAL models the combination of 
MEN1611 and TZB did not exert an anticancer effect 
more than additive.

Synergistic 2D-TGI model for the  
combination of MEN1611 and TZB 
in TZB insensitive PI3K-mutated BC 
xenograft models

The synergistic 2D-TGI model was separately fitted on TW 
data from the combination arms highlighting a synergis-
tic interaction between MEN1611 and TZB (TGI studies 
1–5). The synergistic factor, γ, was estimated with good 
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precision, keeping fixed the other model parameters to 
previous estimates (Table 2).

In all cases, the introduction of the synergistic inter-
action enabled the model to well capture the enhanced 
TGI observed in the combination arm (Figure  4c and 
Figures S19–S22 Material S6), significantly improving the 
goodness of fit compared the additive 2D-TGI model (see 
RMSE reported in Table S5).

Extrapolation to human (B-PRECISE-01 
patient population) of the effective 
MEN1611 concentration threshold in 
combination with TZB

Equations 4 and 5 together with parameter estimates ob-
tained from the preclinical experiments (Table  2) were 
used to identify a set of minimal MEN1611 concentrations 

FIGURE 4   Results for the TGI study A: (a) Observed (dots) and model-predicted (solid lines) tumor weight in control and single-agent treated 
groups. (b) Predicted tumor growth curves (PTGCs) obtained by the Additive 2D-TGI model (red lines) were superimposed on the experimental data 
(black dots) for combination arm. Data lying below the PTGC highlighted a synergistic effect of the combination. (c) Observed (dots) tumor weight 
in the combination arm together with predictions by the Synergistic 2D-TGI model (solid line). In all the panels, vertical bars show ± standard error 
of the data. Down-pointing triangles mark dosing events for MEN1611 (red) and TZB (black). TGI, tumor growth inhibition; TZB, trastuzumab.

T A B L E  2   Model parameter estimates obtained on control and single-agent treated arms

Study
Tumor 
line

�0  
(1/day)

�1  
(cm3/day)

W0  
(g)

k1,TZB  
(1/day)

k2,TZB  
(ml·day/ng)

k1,MEN1611 
(1/day)

k2,MEN1611 
(ml·day/ng)

γ  
(−)

Study A KPL4 0.043 (2%) 0.496 (>100%) 0.106 (7%) 5.1 (42%) 1.78 e-7 (17%) 9.77 (43%) 2.01 e-4 (12%) 0.0425 (2%)

Study B JIMT1 0.035 (11%) – 0.177 (13%) 5.36 (>100%) 9.92 e-8 (93%) 99.7 (85%) 9.21 e-5 (45%) 0.0307 (10%)

Study C HCC194 0.038 (19%) - 0.137 (19%) 84.5 (>100%) 1.2 E-8 (>100%) 55.1 (>100%) 1.13 E-4 (>100%) 0.263 (23%)

Study D CTG-0033 0.032 (4%) – 0.129 (5%) 88.4 (>100%) 2.28 E-8 (>100%) 3.82 (>100%) 2.71 E-4 (5%) 0.344 (10%)

Study E BC-PDX-67 0.032 (7%) – 0.125 (13%) 3.13e3 (>100%) 1.63 e-7 (22%) 20.9 (>100%) 3.39 e-4 (12%) 0.024 (37%)

Study F PDX-153 0.025 (8%) 0.011 (5%) Control:
0.04 (17%)
TZB:
0.025 (15%)
MEN1611:
0.024 (14%)

1.1 (100%) 1.98 e-7 (41%) 1.01 (6%) 4.56 E-4 (11%) –

Study G PDX-173-
JAL

0.102 (22%) 0.108 (28%) Control:
0.007 

(100%)
TZB:
0.01 (15%)
MEN1611:
0.004 (10%)

1.03 (>100%) 8888 (30%) 79.4 (>100%) 2.57 E-4 (5%) –

Abbreviation: TZB, Trastuzumab.
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expected to be effective in B-PRECISE-01 patients when 
co-administrated with TZB at clinical recommended 
doses. From the estimated CMEN1611,eff , the ranges of mini-
mal effective AUC[0,12h],MEN1611 were computed. Results 
were reported in Table  3 for the TZB regimen 1 and in 
Tables S6–S7 Material S8 for regimens 2–3.

For regimen 1, in which TZB was given q1w, the fluctua-
tions of TZB concentrations within the dosing interval 
(21 days) were limited (scenario 2). Therefore, TZB concen-
tration could be considered approximately constant and the 
range width of the minimal effective AUC[0,12h],MEN1611 
was driven by the high TZB inter-patient variability (sce-
nario 3). For regimens 2–3 in which TZB was administered 
q3w, fluctuations of TZB concentrations (scenario 2) were 
more significant. Nevertheless, the interpatient variability 
remained the most impactful source of variability in deter-
mining the MEN1161 effective threshold concentration.

When TZB is administered following regimen 1, consid-
ering the whole panel of the PIK3CA mutated tumor cell 
lines (exclusion of PDX173JAL) and the TZB variability, a 
range of effective exposure for MEN1611 (155–2202 ng·h/
ml) was predicted. Thus, MEN1611 and TZB combination 
was expected to be effective in the vast majority of patients 
with AUC[0,12h],MEN1611 higher than 2000 ng·h/ml. A simi-
lar threshold was predicted for the alternative i.v. regimen 
of TZB (regimen 2). A slightly lower effective exposure  
( AUC[0,12h],MEN1611  ~ 1500 ng·h/ml) was predicted in pa-
tients treated with TZB s.c. 600 mg q3w (regimen 3).

DISCUSSION

In this work, a translational modeling approach was 
applied to determine a minimum target exposure of 
MEN1611, a novel orally bioavailable PI3K inhibitor in 
clinical development, when given in combination with 
TZB to treat patients with HER2+ PIK3CA-mutated ad-
vanced/metastatic BC insensitive to TZB.

A stepwise modeling approach was carried out. First, 
the preclinical TZB and MEN1611 PK were characterized 

using plasma concentration time courses in tumor-bearing 
and tumor-free mice, respectively. The PKs of both drugs 
was well described by a two-compartment model with 
first order absorption and elimination. No PK interaction 
was expected and modeled between these two drugs.

Second, a PK-PD model was developed to describe the 
relationship between MEN1611 exposure in plasma and 
the anticancer activity exerted when given in combination 
with TZB. Seven combination studies in cell-derived and 
patient-derived xenograft models representative of human 
HER2+ BC nonresponsive to TZB and harboring PI3K/
AKT/mTOR pathway alterations were analyzed. The 
Simeoni TGI model18 successfully characterized tumor 
growth dynamics in control and single-agent treated arms 
identifying a neglectable anticancer activity for TZB in 
monotherapy. Starting from the Simeoni TGI model, an 
ad hoc combination PK-PD model was developed to de-
scribe tumor growth in combination arms. Accounting for 
MEN1611 ability to restore TZB activity on tumor cells, 
the proposed synergistic 2D-TGI model was able to cap-
ture the synergism of the combination, as observed in 
most of the experiments.

Third, a mathematical analysis of the combination 
models was performed to develop a mathematical tool 
that, for each given TZB concentration level expected to be 
effective in absence of resistance, predicts the minimum 
MEN1611 concentration able to guarantee tumor eradica-
tion also in TZB insensitive xenograft mice.

Finally, mathematical relationships (Equations  4 and 
5) derived from the xenograft models were used to extrap-
olate the effective MEN1611 exposures to human. For that 
respect, it was assumed that total MEN1611 concentration 
can be used in both mice and human as MEN1611 un-
bound fraction in plasma is similar in mouse and human: 
12.7% and 11.5%, respectively. Three alternative TZB ad-
ministration regimens were considered: (i) i.v. 4 mg/kg 
loading dose +2 mg/kg q1w, (ii) i.v. 8 mg/kg loading dose 
+6 mg/kg q3w, or (iii) s.c. 600 mg q3w. For each regimen, 
typical steady-state TZB plasma level in patients with BC, 
together with its intrapatient fluctuations and interpa-
tient variability, was used to predict a range of minimum 

T A B L E  3   Effective MEN1611 exposures (AUC[0,12h],MEN1611) in B-PRECISE patients receiving TZB i.v. 4 mg/kg + 2 mg/kg q1w (TZB 
regimen 1) from a panel of breast cancer tumor lines

Cancer model

AUC[0,12h],MEN1611 (ng·day/ml)

KPL4 JIMT1 HCC194 CTG003 BC-PDX-67 PDX-153 PDX-173-JAL

Scenario 1: CTZB = CTZB,ss,avg 359 946 1152 406 341 239 2071

Scenario 2: fluctuations of CTZB within the 
treatment period

[241, 486] [697, 1209] [934, 1379] [326, 488] [230, 444] [106, 334] [1225, 2677]

Scenario 3: Inter-patient variability on CTZB,ss,avg [171, 999] [545, 2187] [800, 2202] [277, 783] [155, 737] [0, 519] [488, 3847]

Abbreviation: TZB, trastuzumab.
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effective MEN1611 exposures for B-PRECISE patients. 
When TZB was administered i.v. (i.e., regimens 1 and 2), 
a MEN1611 AUC[0,12h],ss higher than 2000 ng·h/ml was 
expected to be associated with a high likelihood of effec-
tive antitumor activity in the vast majority of patients. A 
slightly lower exposure (i.e., −25%) was predicted for the 
TZB administered q3w s.c. schedule. These concentration 
thresholds accounted for the whole panel of tumor cell 
lines harboring PIK3CA mutations as well as for the fluc-
tuations within treatment period and interpatient vari-
ability of the co-administered TZB exposure. However, 
also considering the preclinical model PDX173JAL that 
harbors a different PI3K/AkT/mTOR pathway (PIK3CG 
mutation), such levels of MEN1611 exposures were ex-
pected to be effective in patients with an equal or higher 
TZB exposure than typical.

Model predicted ranges of active MEN1611 exposures 
were integrated with PKs and safety data from the FIH 
study11 to verify if clinically relevant antitumor activity 
could be expected at safe MEN1611 doses. The steady-state 
exposures of MEN1611 reached at MTD (48 mg b.i.d.) was 
consistent with the ranges of exposures identified as most 
likely effective in patients with HER2+ PIK3CA mutated 
BC in combination with TZB, confirming the adequacy 
of the administered protocol proposed for the phase Ib B-
PRECISE-01. Model-based predictions were first confirmed 
by the promising antitumor activity observed in patients 
receiving MEN1611 at 16, 32, and 48 mg b.i.d. in combina-
tion with weekly i.v. infusions of TZB during the dose esca-
lation cohort of the B-PRECISE-01 study.40 This provided 
the rationale for the subsequent expansion cohort at 48 mg 
b.i.d. that was selected as the recommended phase II dose 
of MEN1611 in combination with TZB. Preliminary results 
of the interim analysis of the expansion cohort further con-
firmed the model predicted range of effective MEN1611 
exposures for B-PRECISE patients.41 Indeed, significant 
antitumor activity together with prolonged disease control 
was observed in patients receiving MEN1611 doses able to 
reproduce systemic exposures fully inside the range of con-
centrations expected to be effective in patients with HER2+ 
PI3KCA-mutated BC when combined with TZB.

Overall, the present work highlights the critical con-
tribution of modeling approaches using nonclinical data 
to inform potential effective drug exposures in patients. 
The predicted effectiveness is clearly based only on the 
expected antitumor activity and does not consider the 
global patient benefits (i.e., manageable adverse events, 
long term efficacy, etc). However, preclinical predictions 
of clinically active exposures can be integrated with pre-
liminary PK and safety data from the FIH studies, when 
available, allowing an early assessment of an adequate 
therapeutic window and of clinical doses and protocols 
able to ensure a good efficacy-safety profile.

In the case of TZB and MEN1611 combination, pre-
dictions of target exposures were based on a PK-PD mod-
eling of preclinical data under some specific hypothesis. 
First, available MEN1611 PK data in tumor-bearing mice 
(data not shown) were poorly informative. Because there 
is no strong evidence of differences between MEN1611 
PK in tumor-free and tumor-bearing mice, the PK model 
was developed on data from tumor-free mice. In contrast, 
differences between tumor-free and tumor-bearing mice 
were observed in PK TZB for which a PK model was de-
veloped on literature data from tumor-bearing mice as no 
in house TZB PK data were available. Second, available 
TGI studies included groups of murine animals treated 
with MEN1611 and TZB given alone or in combination at 
a single dose level. For both monotherapy and combina-
tion regimens, the anticancer drug effect could be linearly 
dependent on plasma concentration and mainly driven by 
AUC. No information on target-engagement and markers 
of pathway inhibition (e.g., pS6 or pAKT) were available. 
Nevertheless, if future experiments provide data on robust 
biomarkers of pharmacological activity, their integra-
tion will likely strengthen the translational modeling ap-
proach.42–44 Third, in the synergistic model the restoration 
of TZB anticancer potency was linearly driven by MEN1611 
concentration due to the lack of data that could support 
the development of more complex models accounting, for 
example, for a saturation of the restoration process. This 
could lead to bias in the extrapolations of restored TZB 
potency at significantly higher MEN1611 concentrations. 
However, at the MEN1611 concentration levels reached in 
the analyzed combination TGI studies, the restored TZB 
potency assumed reasonable values that resulted consis-
tent with estimates obtained on TZB sensitive BC models 
(see Material S7). The use of human equivalent dose for 
MEN1611 guaranteed that also extrapolations to human 
were unbiased. Finally, the extrapolation of the effective 
MEN1611 exposures from mice to humans was based on 
total plasma concentration without applying any plasma 
protein biding correction between mice and humans. 
In the case of MEN1611, this choice was justified by the 
strong similarity between the unbound fractions in mice 
and humans. However, in a different scenario with rele-
vant interspecies differences, free, rather than total, con-
centration, should have been used in the extrapolation.29

The current analysis stressed on some more general 
considerations for translational modeling. First of all, 
mathematical models to be used for translational pur-
pose should be based on reliable preclinical data from in 
vivo animal models representative of the target patient 
population. For the MEN1611 and TZB combination, six 
xenograft models involving HER2+ PIK3CA-mutated 
TZB insensitive BC cell lines were selected as represen-
tative of the B-PRECISE-01 patient population. They 
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included standardized human cell lines (KPL-4, JIMT1, 
and HCC194) and patient-derived cell lines (CTG003, 
BC-PDX-67, and PDX-153) that are generally considered 
more representative of patient tumor characteristics and 
clinical responses. In addition, TGI study G involving the 
PDX-173-JAL model, representative of the HER2+, ER+, 
and TZB-resistant BC harboring a different PI3K path-
way alteration (mutated PIK3CG gene), was considered 
for a proof-of-concept of restoration of the TZB resis-
tance by the co-treatment with MEN1611. Interestingly, 
the PDX-173-JAL model provided the highest model es-
timates of effective MEN1611 exposures. Moreover, the 
clinical predictivity of the preclinical results was max-
imized by the use of clinically relevant doses obtained 
through a back translation of expected human exposures 
into mice.45,46

Further, translational quantitative approaches should 
rely on mathematical models with mechanistic basis. 
Here, a 2D-TGI model for TZB and MEN1611 combina-
tion was developed starting from the semi-mechanistic 
Simeoni TGI model which provides estimates of 
drug activity with demonstrated translatability.28,29 
Moreover, synergistic (or antagonist) interactions of 
co-administered drugs should be adequately incorpo-
rated in the modeling framework, acknowledging that 
required exposure in combination for enhanced (or re-
duced) efficacy may be different from the required ex-
posure for single agent efficacy. For MEN1611 and TZB 
combination, an adequate modeling of the observed 
synergism significantly impacted the predicted human 
effective MEN1611 exposures. If model predictions were 
performed overlooking the drug synergism, a much 
higher MEN1611 exposure would have been expected to 
be effective in patients.

Finally, translational approaches intending to make 
robust clinical inferences from preclinical data might not 
provide a point-estimate of effective clinical exposure. 
Indeed, the various sources of variability should be ac-
counted for during “bench-to-bed-side” extrapolations. 
For MEN1611 and TZB combination, a range of MEN1611 
effective exposures, instead of a single value, was derived 
from a panel of tumor cell lines associated with different 
growth patterns as well as different degrees of MEN1611 
sensitivity. In addition, because MEN1611 efficacy was 
significantly affected by the TZB co-administration 
schedules, three possible alternative TZB regimens were 
considered. For each of them, observed fluctuations 
and interpatient variability in TZB exposure were taken 
into account in the prediction of effective exposures of 
MEN1611. Interpatient variability of TZB exposure was 
found to highly affect the minimum effective MEN1611 
exposure and should be adequately considered.

CONCLUSIONS

A translational PK-PD modeling framework was devel-
oped in order to predict a range of minimum target expo-
sures to be attained for MEN1611, when administered in 
combination with TZB in patients with HER2+ PIK3CA-
mutated BC from a panel of xenograft experiments. A 
threshold for MEN1611 exposure associated with a high 
likelihood of effective antitumor activity was identified 
for three alternative administration schedules of TZB. 
The results of the analysis confirmed the adequacy of the 
dose administered in the phase Ib B-PRECISE-01 study 
in patients with HER2+ advanced/metastatic PIK3CA-
mutated BC.

Translational approaches based on the PK-PD mod-
eling of preclinical data confirmed to be useful tools to 
anticipate effective exposures in human informing the 
identification of pharmacologically active doses in clinical 
trials of combination anticancer therapies.
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